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(54)Tltte: MULTIPLE ACCESS METHOD AND SYSTEM 




(57) Abstract 

A wireless communication system transmits data on multiple carriers simultaneously to provide fitquency diversity. Carrier 
interference causes a narrow pulse in the time domain when the relative phases of the multiple carriers arc rero. Selection of the frequency 
separation and phases of die cairiers controls the timing of the pulses. Both time division of the pulses and frequency division of the carriers 
achieves multiple access. Canier interfeiometiy is a basis from which other communication protocols can be derived. Frequency hopping 
and frequency shifting of die carrim does not change the pulse envelope If tfie relative frequency separation and phases between die carriers 
are preserved. Direct sequence CDMA signals are generated in the time domain by a predetermined selection of canrier ampUtudes. Each 
pulse can be sampled in different phase spaces at different times. This enables communication in phase spaces tiwt are not detectable by 
conventional rcccivere. The Umo-dependent phase relationship of die canriers provides automatic scanning of a beam pattern transmitted 
by an antenna array. In waveguide communications, die canrier firequencies and phase space may be matched to the chromatic dispersion 
of an optical fiber to increase the capacity of the fiber. 
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MULTIPLB ACCESS METHOD AND SYSTEM 

Fidd of the Invention 

The prasent invoitfon rdates to a novel multicairier spread-spectrum protocol far ^less and 
5 iwaveguide communications and radar. 



Backbond of the Invention 

Muhqmtfi fiuling is die fluctuation in a received signaTs amplitude, ft is caused 1^ intaference 
between two or man versions of the transmilted signal diat anrive at a receivor at different times. This 

10 interfomse results from r^eetionsfircmi the ground and neait>y structures. The amount of 

fedmg depends on die intensity and propagation time of die reflected rignals and the bandwidtii of the 
transmitted signal. The received signal may consist of a large number of waves having different 
anq>litudes, and phases, and angles of anival. These componoits comlnne vectorally at die recover and 
cause the received signal to fade or distort 

15 The &ding and distortion diange as the receive' and other objects in die radio environment move. 

These muhq>adi effects dqiend on tiie bandwidth of die signal being transmitted. If die trannnitted signal 
has a nanow bandwidth (Le., die duration of the data bits transmitted is longer dian die delay resulting 
ftom multipadi reflectionsX dien die received signal exhibits deep fedes as die receiver moves in a 
multq>8di environment This is known as flat feding. A significant amount of power control (e.g. 

20 increasmg the transmit power tand/or the receiver gain) b needed to compoisate for deq;> &des. In 

addition, low data-rate signals experience distortion if the characteristics of the radio environmoit diange 
ngnificantiy during die duration of a received data bit The distortion is caused >^en movemrat of tiie 
recover or nearby objects results in a Doppler frequent shift of the received signal tiiat is oonqiarable to 
or greater than the bandwidth of the transmit signal 

25 A widd>and signal transmitted in a nmkqiadi environment results ma frequency-selective &de. 

Hie overall mtoisity of die received signal has relatively littie variation as die receiver moves in a 
muhipatfa environment However, the received signal has de^ fiules at certain fbequmeies. If die duration 
of die data bits is smaller dum die multipadi delay, the received signals eiqierience inter^ymbol 
intorfoence resulting fixun dek^ rqilicas of earlier bits arriving at die receiver. 

30 FiequenoylMvbion Multiple AKms(FDMA) typically suffers from flat frulmgwh^ 

multieartier protocols, such as Qrthogooal Frequency Division Multiplexing (OFDMX suffer from 
frequency-selective ftding. CDMA typicalty sufEsn finn boti^ however tiie direct seqfuence coding limits 
die effects of nmltqiadi to delqv less dian tiie div rate of tiw cod& Abo, CDMA*s capac^ 
multHiser interference^ Impoved CDMA cystous use mterference caneeUation to increase c^adty, 

35 however, die required signal processing effint is iffopoitional to at least die cube of the bandwiddi. 

FufdMrmore^ CDMA is susceptible to neai^ftr interference^ and its kng pseudo^ioise (FN) codes require 
long acquisition times. For these reasons, OFDM has been merged w^ CDMA. 
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OFDM has a high spectral efficiency (the spectnun of the subcamers overlap) and combats 
frequency-selective feding. However, the amplitude of each earner is affected by the Rayleigh law, hence 
flat feding occurs. Therefore, good channel estimation with an appropriate detection algorithm and 
channel coding is essential to compensate for feding. The performance of OFDM frequency diversity is 
comparable to the performance of an optimal CDMA system's muWpath diversity (which requires a Rake 
receiver). Because diveraity is inherent in OFDM, it is much simpler to adiieve than in an optimal CDMA 
system. An OFDM system benefits from a tewer-speed parallel type of signal process 
receiver in an optunal CDMA system uses a fest serial type of signal processing, which resuhs in greater 
power oonsumptioo. In addition, the OFDM technique simplifies the channel estimation problem, thus 
sinq>lifying the receiver design. 

In muhicairier CDMA, a spreading sequence is converted from serial to parallel. Each chip in the 
sequence modulates a dififereot carrier frequency. Thus, the resulting signal has a PN-coded structure in 
the frequency domain, and the processmg gain is equal to the number of carriers. In multi-tone CDMA, 
the available spectnun is divided Into a number of equiwidth frequency bands that are used to transmit a 
narrowband direct-sequrace wav^mn. 

Frequency-hopptog spread spectrum can handle near-fiir interference well Tl»e greatest benefit is 
that it can avoid portions of the spectrum. This allows the system to better avoid interference and 
frequency-selective fiules. Disadvantages inchide the requirement ft* complex frequency synthesizers and 
error correction. 

Tim© hopping has much higher bandwidth efficiency compared to direct sequence and frequency 
hopping. Its implementation Is relatively simple. However, it has a long acquisition tune and requires 
ora' correction. 

Each communications protocol presents different benefits and disadvantage 
increased by merging dififereot protocols, but only to a limited degree. There is a n^ 

solves all or most problons, espedalfy Aose associated with feding. 

Siimmarv of the Invention 

TTie principle object of the present Invention Is to provide a protocol that achieves the combined 
benefits of the previously mentioned protocols. Another object Is to present a spread-spectrum protocol 
that is specifically designed for mobile communications. These objects are accomplished hy 
intcrferometry of multiple carriers. The protocol enabled by the present invention Is Carrier I^^ 

Multiple Access (CIMA). In CIMA, the frequency and phase of each carrier is selected so that the 
superposition of the signab results in a pulse (constructive interference resulting from a zero-phase 
relationship between the carriers) that occurs in a specific time Interval The resulting signal has side 
lobes whose amplitudes are fitf below the amplitude of the pulse. Thus, orthogonality is adileved In Ae 

time domain. 
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Because the carriers exist within the time interval where superposition yields a negligible signal 
level, it can be conchided that the pulse exists in a dififerent phase space. This phase space is defined as a 
time (phase) ofi&et between the carriers. The offeet enables the pulse to be observed in a specific time 
iirtervaL A receiver tuned to niultq>Ie phase spaces can generate multiple sanq>les of Ae CIMA signal 

5 Thus, CIMA enables signab to be processed simultaneously as both tow and high data-rate signab. This 
mitiptes the multipath problems inherent m both cUsses of signals and enables the system to fimction 
with substantially reduced signal power levels. Furthermore, if the CIMA carri^ 
modulated such that the supeqwsition does not result hi a pulse hi zero-phase space, then the CIMA 
signals are visible only to CIMA receivers tuned to a noozero-phase space. Conventional radb receivers 

10 can not detect these signals. 

In a dispersive medium, such as an optical fiber, the phase space of a CIMA transmission may be 
selected to matdi tiie chromatic diqierslon akmg a predefined length of Ae medium. The effect of the 
dispenion is tfaatthe phases of the carriers aUgn. resulting hi a pulse occurrtog m the medium at a 

predefined position. 

IS The thne>dependent nature of CIMA phase space also enables automatic scanning of an antenna 

ani^s beam pattern. If eadi elemoit of an antenna array transmits a CIMA carrier, tiie array's beam 
pattern scans wifli a period that dq?ends on the frequent spacmg of Ae carriers and 

between tiw antenna elements. 

CIMA may be used to create any of the protocols previously mentioned. It is an objective of «ie 
20 present favention to provide methods and apparatus fbrtransmittfag and receivmg CIMA s 

end, the foUowmg objectives are adiieved: 

An objective <tf Ae uivmtion is to reduce the ^fects of mult^tii ftdhig and hiterference. A 
consequoice of this objecthre is fbo reduction ui required transmission power. 

Another objective is to provide secure oommunicaticms by creadng transmissiois Aat are difficult 
25 to mtercept because they are nearly hnpossfele to detect The low power requirements of the cw 
the transmission of Ae carriers in nonzero-phase spaces acconqplish fliis. 

AnoUier objective of the hivration is to reduce mtaference to oflier s^rstems and nunhnize tile 
susceptibili^ of Ae communication systnn to all types of radio interferaice. 

AnoUier objective of Ae mv«ition is to mhumize and conqiensate for co-channel interfenoce Aat 
30 occurs ^raAe communication syst«n serves multiple users. 

Another objective is to provide a spread-spectrum communication protocol Aat is not aoiy 
compatible with ad^pthre antenna arrays, but enables substantial advances m antemuKtfny tedmotogies. 

Another objective is to enable a spread-spectrum communication system to have Ae performance 
benefits of a resource-lunited system, Ae capacity and graceful d^iradation benefits of an mterference- 
35 Umited system, and the ability to provide Ae benefits of boA systems sunuhaneously. FurAa ol^ectives 
and benefits of Ae invention will become apparent m the Description of Ae Prrferred Embodhnents. 
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BristBirtniffli fff th9 Prawiaw 

no. 1 b a sdiematk of a transmitter tint generates CIMA si^^ 

no. 2 is a second embodiment of a tiansmitter that generates CIMA signals. 
5 no. 3 is a schematic ofatrammitter tint generates CIMA carriers emitted by an antenna aiiay. 

FIO. 4 is a plot of a plurali^ of CIMA carriers and a superpositimi of flie carriers, 
no. 5A is a plot of eight CIMA caitiers that shows the relative phases between the carriers as a fimction 
(tf time and ittustraies the phase qwoes rqiresented by Ae relative phases, 
no. SB is a time-domain plot of a superposition of the carrier signals shown in nO. 5A, 
10 no. 6 is a polar plot in time ofasiqjerpositionofAe earners shown in no. 5A. 

no. 7 is a flow diagram for a receiver that receives a CIMA signal and samples the signal in multiple 
]diase graces. 

no. 8 shows part of a frequency profile for a group of CIMA carriers, 
no. 9A through 91 shows a beam pattern produced by the transmitter in ¥10. 3 at different times. 
15 HO. 10 is a frequency-shifted feedback cavity that inchides a traveling-wave cavity and a frequency- 
ddfting device through which optical signals are drculated. 

no. 1 1 shows different CIMA signals as they propagate down an optical fiber where the phase offeets of 
die carriers are matched to tfie diromatic dispersion properties of Ae fiber, 
no. 12A is a plot of tiie relative frequ«icy-ver8us.ao?)Utude {ffofile of CIMA carriers that generate a 
20 direct sequence CDMA ditp sequence in tiie time domain. 

FIG. 12B is a time-domain representation of a direct sequence CDMA signal generated by lko CIMA 
cairios shown in nO. 12A. 

Description of the Preferred Embodimmts 

25 no. 1 shows a flow diagram of a CIMA transmitter tiiat wmverts a baseband information signal 

for a single usw k to a CIMA signal for transmissioa Data received from an input data source 12 
modulates a number N of CIMA carriers, vMch have diffa«nt <airier frequracies. This modulation 
occurs at a plurality of carrier mfacers 14n. In this case, tiie fiequotcies of tiie CIMA sigimk are 
incremoitally spaced by a shift frequency U Howevw, non-unifmn spacing of tiie frequmcies may also 

30 be used to achieve specific benefits described in U.S. Pat Appl #09/022,9S0, which is incorporated 
herein by reference. The carrier frequencies are typically chosen to be orthogonal to each otiier. 

Tc .V 

]cos(a>/ + ^,)cos(<»/ + ^j)cit « 0 

0 

where Te is tiie chip duration, oil and are tiie i"* and earner frequencies, and ^ and ^ are aibittaiy 

phases. A signal in tiie frequency band does not cause interference in tiie if^ frequency band. However, 
35 oftimgonalityoftiie waveforms is not required iftiie signals transmitted are resource limited^ 
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Tht phase of each CIMA signal is set with respect to a predetermined receiver time interval and 
phase space in which the CIMA signals constructively combine when received by a CIMA receiver. An 
incremental phase ofifect of e^-^k »» appBedto each CIMA carrier by one of a phiralily N of user-interval 
delay systems 1 6n. Each CIMA carrier has its gahi adjusted by an arapUtudeKsontrol system 1 8a The 
amplitude control 18n provides a ^ proffle to the CIMA signals. This profile may include a tapered- 
amplitttde window with respect to Ae fhxpency domain, compensation for flat fedin^ 
m the communications channeU and pulse-amplitude moduUrtion of the CIMA carriers 
existence of the carriers to temporal regions near a predetermined receiver time interval fiar each carrier). 
The gain-adjusted CIMA signals are summed by a combining system 20. A frequency converter 22 may 
be used to convert the CIMA signals to the appropriate transmit frequencies, which are conveyed to a 
ou^ coupler 24. 

The output coupler 24 is any device that couples CIMA transmit signals into a communications 
channel from which CIMA signals are received by a receiver. For radio communications, the output 
coupler 24 may inchide one or more antoma elemoits (not shown). Fw qptical communicatioos, fte 

15 output coupler 24 may be a kos or sunple coupUng elemrat that coiq>les light into an critical fibw. 

AWiough this diagram illustrates tiw generation of CIMA transmissicm signals as step-by-step procedures, 
a preferred embodiment for accomplishing these processes is to use digital signal-processing techniques, 
such as Discreet Fourier Transforms. 

The order of some of diese processes m^ be swiped. Fw example, modulation of each CIMA 

20 carrier by Ae iapat data may be the final siep heiam conbining. FIG. 2 shows a flow diagram for 
generating CIMA signals. Each of these processes is similar to the processes shown in FIO. 1. The 
difference between the diagrams is that in FIG. 2, the CIMA signals are not combmed until they are 
transmitted into the communications channel An iUustration of this is shown in FIG. 3. 

FIG. 3 shows a data stream from the data source 12 being used to modulate a plurality of CIMA 

25 carriers at a pluialily of mfaters 25n. A CIMA carrier with a specific frequency, phase relationship and 
gain profile is ii^ut to each mixer 25n. Each bit from Ae data source 12 modulates all of Ae CIMA 
cmias. Each mixer 25n is connected to one of a phuality of antenna-array elements 24n; Aus, each 
antenna element 24n transmits only one CIMA carrier. Although Ae collection of CIMA carriers has data 
redundancy due to the same bit being modulated onto muhiple carries, Ae frequency and phase 

30 relationshq>s between Ae carriers cause wAogonality in time (illustrated by Ae Inverse Fourier 

TWmsform of Ae CIMA carriers m Ae frequency domain). This orthogonality negates Ae typical decrease 
m bandwidA efficioicy caused by data redundancy and retains Ae benefits of frequoicy diversity. The 
otAogooality results from ctmstructive and destructive interference between Ae CIMA carriers. 
Constructive interferowe causes narrow time-domain pulses wiA a repetition rate propwtional to Ae 

35 inverse of Ae carrier-frequency qMcingl^ 
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no. 4 flhistwtes how the phase fronts of CIMA carriers are aligned at a specific time. At other 
times, the carriers combine destructively resulting in undetectable signal levels. A composite signal 130 
results fixmi the summation of the carriers. The composite signal 130 shows a pulse envelope occurring in 
a predetermined time interval 135. In the case whwe there is no amplitude tapering (Le., a rectangular 
window) and the CIMA earners are uniformly spaced in frequency, a composfte CIMA signal is: 



10 



which has a magnitude of: 



The CIMA signals are periodic with period 1/^ for odd number of carriers N and wifli period 2/n 
for even number of carriers N. The main lobe has duration and the N-2 side lobes each has a 
duration 1/Nf.. The amplitude of the I* side lobe with respect to the main lobe amplitude Is: 

Because the period and width of the pulse envelope depends on the amplitude, phase, and frequency 
separation of the CIMA carriers, the frequency of each carrier may be changed without affecting the pulse 

15 envelope as long as the amplitude, phases and frequency separation are preserved. Thus, frequency 
hopping and frequency shifting of the carriers does not affect the temporal characteristics of the 
composite signal 130. Providing a tapered amplitude distribution to the CIMA carriers broadens the main 
lobe width and reduces Ae 8nq>litude of the side lobes. 

FIG. 5A iUnstrales the phase space of the carriers shown in HO. 4. As time moves forward, the 

20 phase relationship between the CIMA carriers changes. A straight line 1 13 indicates a zero-phase 

relationship between the carriers. The sum of the carriers are viewed in a specific phase space. A pulse 
occurs when there is a aroiJhase relationship between aU the carriers, yet the carriers 
time domains even if no pulse is visible. When the pulse moves into this phase space (which ft does as a 
periodic fiinction of timeX the pulse becomes visible Zero-phase is the phase space in which all 

25 conventionalteceiver8opa«te.Thi8phase8pacelsahislratedbylhesumofcar^ 

stnugbt Bne that rotates about a fixed point 1 12. The sum of the amplitude rf^ 

as it rotates is shown in FIG. 5B and in a pdar pkt iUuslrated by FIO. 6. 

In na 5A, a cun«d line 1 1 1 ilhwtrates one of the many phase spaces to which 8 pulse may be 

observed This phase space 1 1 1 occurs withm a time mterval that is bounded by 1^ 

30 time interval, the amplitude of tiie composite signal 130 (shown m HG. 5B) is negligible. However, a 

receiver may tune to a specific phase space by selectively delaying each of tiie received carriers by a 



wo 99/41871 



PCTAJS99/02838 



predetennined amount before summing the carriers, In tbis way. a receiver may detect a pulse tbat is 

otheDt^e invisible in zero-phase. 

no. 7 sho^ a single-user phase^pace receiver that is capable of sampling in multiple phase 
spaces. A received CIMA signal is detected from the communications channel by a receiving element 52 
and dovra<onvertedbyamaer 54 before being separated into itsNcomponentcar^ 
filter 56. Depending upon how the tiwismit signal may have been altwcdlvA^ 
one ofaptoralily of gain compensatorsCnot shown) may applyagain compensation to caches 
Thai each gaiiMsompensated component is spm into a number M of delay components, ^ 

detayed 1^ a phase-space detoy compensator 60mn. The output of each nmumbered deby component is 
summed at a oombming step 62 to reconstruct pulses observed in other phase spaces. Each pul^ 

deli^ed at a delay step 64m to synchronize the pulses before bemg summed in a decision step 66 that 
cnitputs an estimate of the original transmit signal In practice^ the delay st^ 

the decision step 66. 

This receiver obtams multiple samples of the pulse because H tracks tiie pulse through different 
phase spaces. Thus, the receiver benefits from the relatively slow data rate (le., pulse period) of tiie 
CIMA earners which combine to create the pulses. This remedies the muWpalh problem of uitersymbol 
interference. The short duration of each pulse allows ti» receiver to avoid tiie &dbg and distortion 
problems inherent in systems that receive slowly varying signab and tiie flat ftding associated with 
narrowband signals. Ahhough tiie pulse is comprised of many narrowband CIMA carriers, flat ftdfaig 
(which causes very deep fedes) is avoided because tiie CIMA pulse depends on tiie faterfcrence pattern 
between a large number of CIMA earners. Furthermore, if tiie number of and spacing between tiie CIMA 
carriers are appropriately chosen, it is unlikely tiiat more tium one CIMA carrier is tecated in a deep fiwle. 
Thus, frequency diversity is achieved. 

Each user k can share tiic communication resource tiirough a unique selection of tiie phase oflfeet 
(Le., timing offeet) while employing tiie same carriers as otiier users. If N orthogonal carriers are shared 
by each user k, tiien N users may use tiie resource witiiout co-channel interference. In tins cas^ tiiere is a 
unkiue combination of phase space witii respect to time for each user k. Similarly, users employing 
difi&rent CIMA carriers may use tiie same phase space witii respect to time witiiout co-channel 
interference. Because tiie pulse characteristics depend on tiws frequency and phase relationships between 
tiw CIMA carriers, tiie frequency and phase of each CIMA signal may be changed witiiout ahering tiie 
characteristics of tiie pulse envelope as long as tiiose relationships between tiie CIMA carriers remain 
unchanged. This enables a transmitter to frequency hop to avoid interference or enhance security. 

Separation f, between tfie CIMA carriers for each user may be selected as shown in FIO. « sudi 
tiiat it exceeds tiie coherence bandwidtii (Le., ti» inverse of tiie muWpatii duration). This resuhs in 
frequency nonselective fiuUng over eacb carrier. If tiie adjacent CIMA carriers overlap m frequency by 
509^ tiw system capacity increases by two-fold above tiie classical limitation hnposed by non- 
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limit 

20 



Although the receiver stown in FI0.7iadescribedasasingle.usa 

operation is muW-user detection. Unlikedirect-sequenceCDMA 

every other user's conm^unication channel CIMA limits mnW-us* 

11^ are nearby in the time domain. In theprefenred mode of operation, the 

signals in as few as two neighboring user time intervak Then it perft*^ 
15 decisionstepeetocancelthoseconlributionstotheintendedusrfssignaL 

The s eparation d between the antemia elements 24n of the transmitter 70 (shown in FIO. 3) 
««,teinanazimuthd variation of the beam pattern produced by the arw^ 
phase-spacecharacteristfeoftheCIMAsignal In other words, as thephases^ 
changes withtime, the bewnpatternofthe army 24n scans. Tbetimedepe^ 
30 directionality is shown by the foUowingbeamrpattem equation: 

D(0 = 2 fl, cos((<». + n(»,> + 2^wd Sin ,9 / ^) 

wherea.istheamplitudeofe«ACIMAcarrier.a>,+n«^isthe«^ 
A,istheCIMAcarrierwavelenglh.eistheazim«thriangl^anddisthesepa«A^ 

eten„»ts 24n. TWscharaclmstic of Aea^ 
35 ciMA.Priorart8howsthatchangtogthebeampatternofatran8mi^ 
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lecepticm. Plots of tfie beam pattarn equ^ 
iiicremA^ values of time t Different vah^ 

lobes and the rate atiwfaich they scan. Adjusting the frequmcy sepamtion U cbanges the directionality 
D(t). 

5 Fia 10 dK)W a firec|uency-shifted feedback cavity (FSFC) 70^ 

signab. A base-frequenqr generator 72 produces an optical base frequency signal from yAach 
frequoicy^shified signals are created. The base-fiequenqr signal is input to a travelling^wave cavity 74 
that inchsdes a frequency shifier 76. The frequency shifter 76 may be an aoousto-optic modulator (AOM). 
As light cifculates through the cavity 74, it is diifted in frequeK 

10 through the frequency shifter 76. The tmvellmg-i^e cavity 74 does not selectively attenuate frequencies. 
Rather, the oscillations it supports are diaracterized 1^ an unusually broad spectral ou4>ut, tfmt has no 
mode structure. A portion of the light is output from the cavity to a mutdcarrier process^ 78. For 
exaiiq)le, an AOM (not diown) diffracts ligiht passbg th^ 

74. An undififracted fottion of the beam provides a convmimt output The output of the processor 78 is 
1 S cmveyed to an ou^ut coupler (not shownX for example, an antrana, a focusing elemmt, or a comiectcn* 
to an optical fiber. 

Hie output beam consists of multiple beams of mormientalty delayed, frequence-shifted light 
The amount of delay incurred by each output beam ccnnponent is identified by frie frequency of tiie 
componmt If the cavity 74 does not cause the light to undergo a significant amount of chromatfe 

20 dispersion,tiieamount of deky incurred by an output component is substantialtypropor^ 

amount of frequency shift the beam has incurred. The mutticarrier processor 78 may mclude iUflaractive 
optics to wavelength demultiplex the output components. If the base-frequoicy generatcnr 72 modulates 
die optical base signal with an information signal^ the ou^ut of the mutticarrier processor 78 inchides 
muttiple delayed (and separated) versions of die modulated signal Each of the delayed versions of the 

25 moduUited signal may be used to modulate a transmit signal emitted by each of the antenna array 
elements 24n shown in FIG. 3 . If each army elemmt 24n emits a transmit signal having die same 
distributon of frequencies, die directionality of the beam patton produced by die array 24n does not 
change in time. Rather^ the directionality can be adjusted simpty by changmg the length of the travelling- 
wave cavity 74. 

30 The FSFC 70 may also be used as a receiver for sampling received CIMA signab in nonzero* 

phase spaces. This requires diat the frequocy ^ift ^ by die frequency shifter 
separation of die received CIMA signals. Light output from die FSFC 70 is separated by wavelengdi to 
idendfy die diffeKOt idutte^qiaGe samples of the recdve^ 

substantially Unear if the ca^ 74 does not cause chromatic dispersion. Lmear phase space sampling 
35 matdies die phase spaces of die received signals provided diat U » 
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TheFSFC 70 shovm innO. 10 may beused to gene«tedCIMA signals for tninsniission through 
an optical fiber or waveguide. In this mode of operation, the fiequency generator 72 produces an 
umnoduhted optical base sigwd. The output of the travdlinj-wave cavity 74 is a collinear superposition 
of CIMA carriers and is easy to couple into an opticd fiber. TTuis, the mnW^ 
separate the components. Hie mukicamer processor 78 modulates die CIMA sigmib with an information 
signal that has a predefined duration in the time domain. The timing and duration of tfie information 
signalcanbechosentocompensateforchromaticdispersionoftheCIMAcarriersasthqrprq^ 

tinoug^ the fiber. 

Chromatic dispewion occurs in an optical fiber as difSerent wavelengflis of Ught 
speeds. Optical fiber has different indices of refraction for diffemit wavelengtiis of Bght The speed of 
Ught in the material is inversely proportional to the todex of refraction. In material dispersion, ttght wifli a 
long wavelength travels fester than Hght witii a shortw wavelength. This causes distortion (broadening) of 
q>tical pulses transmitted through an optical fiber. 

no. 4 shows the phase relationship between CIMA carriers as a CIMA signal propagates in a 
nondispersive medium. As the CIMA carriers propagate tiirough space, CIMA pulses do not distort 
because tiie phase relationships between tiie carriers do not change except for their periodic relationship. 
For example,areceiver moving at the speed of tiie carriers detects no changes in tiie relative phase of the 

earners. Another way of describing tiiis is tiiat two stationaiy receivers may be spaced apart by an integer 
number of pulse periods, and tiiey detect the same phase relationships between the CIMA carriers. 
However, in a dispersive medium, the two stationaiy detectors detect different phase relationships 
because some of the carriers have traveled further in phase. The foUowing equation shows tiie difference 
in wavelengtii betwem adjacent CIMA carriers: 



/.(/.+/,) 

Hiis is a nonlinear relationship in which tiie wavelength difference AX between adjacent CIMA earners 
increases as tiie wavelen^ of each cairicr increases. TTiis is fflustrated by a phase profile 123 of carrier 
maxima in FIG. 4. The frequency separation ft is selected witii respect to tiie dispersion characteristics of 
an optical fiber 150 to match tiw velocity profile of tiie carriers witii tiieir phase profile. Then portions of 
tiie carrias are selected to constructively combine to create CIMA pulses at predetermined locations 
along the fiber ISO. 

The CIMA carriers are pulse^unplitude modulated in a time interval 1 33 in which tiie phase 
profile 123 occurs. In tiiat time interval 133, tiie composite signal 130 resulting from tfie sum of tiie 
carriers b negligible. As tiie cairiers propapde tiirough tiie fiber 1 50. tiie relative phases of tiie carriers 
change. During a tater time faiterval 135. ttie carrier signal phases line up at a specific time 125, which 
results in constructive interference tiiat causes a pulse to occur in tiie composite signal 130. At btor time 
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intervals 127 and 129, the low^wavelenglh carrkra have traveled slightly farther, resuWng m distorted 
phase profiles 137 and 139, respectively. The composite signal 130 m these time inlervab returns to zoo. 

no. n shows 8 phiia% of composite CIMAsignabatong a dispersWe optical f^^ 150. Three 
signals 160, 170, and 180 are input at one end of the fiber 150. The phase profile of the first signal 160 is 
5 sdected such that the CIMA carriers oombme constructively to produce a pulse 161 at a first node 151. 

The first CIMA earners 160 combine destructively to produce low-level signals 162 and 163, at second 
and third nodes 152 and 153, respectively. Sunilarly, the carrier phases of the second signal 170 are 
selected to produce a constructively mterfering signal 172 at the second node 152. Likewise the cairier 
phases of the third signal 180 are selected to provide conslructhre mterference 183 at the third node 153. 

10 By makmg use of the nonlmear dispersion of light hi an optical fiber, it may be possible to expand the 
usable bandwidth of the qitical fiber b^rond classical limitations. 

FIG. 12A shovw an amplitude distribution for twenty CIMA carriers. These carriers produce a 
combined signal shown hi FIG. 12B consisting of a pseudo-random se(|uence of positive and negative 
CBIA pulses. Thus, a partiwiUff distribution of carrier an^ilitudes fa ti»e frequency 

15 direct-sequenceCDMAcodediatisperiodicmthetimedomauLmenaMAsignabareusedasI^^ 

basis for a CDMA system, Ae CDMA system gams the advant^es of reduced mukq»th and mtersymbol 
interferrace, mcreased capaciQr, and reduced co^hannel hiterference. Because CIMA signab are s^ 
functi(His, tiiQr have high autocorrelation ^ici«iQr. The autocorrelatimi fiincticm &Us oUnpidfy when 
synchronization is lost 

20 The prefwedembodimmts demonstrate a few rfthemaior methods fcrgaaerating and receiving 

CIMA signals. This was d<me to provide a basic undmtanding of Ae duracteristics of CIMA. Witii 
req>ect to this und^rstandmg, many aspects of this invention may vaiy; for exanq>le, Ae methods used to 
create and process CIMA signak. It should be understood that such variations fell wiflun tiie scope of tiic 
present invoiticHi, its essoice lying mote fimdam^lly witii die design realizations and discoveries 

25 adiieved than the particuter designs developed. 

The foregomg discussion and the clauns that follow describe the preftfred embodunents of tiie 
pres^ mvention. Particubrfy witii respect to die clauns, it should be understood tiuit dianges might be 
made witiiout dq)arting from the essence of die invention. In tiiis regard, it is mtended tiiat sudi changes 
still fell wiflun die scope of die presoit mvoition. To ti» extrait such revisions utilize the essence of die 

30 inesent mvention, each natural^ felb wiflun flie breadfli of protection encompassed by flus patent Tins is 
particubrfy true fa- the fneseot mvention because its basic concerts and understandings are fundamoital 
in nature and can be broadly applied. 
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I claim: 



1. Amethodofcommumcatbnbetweoiatleastcmetraii^^ 

interference muttq>l&*access (CIMA) communication signals, the method comprising the steps of: 
5 • providing for the generation of a plurality of electromagnetic carrier signab for use by at least me 
user, the carrier signals having a phnrality of frequencies, 

• providing a relative phase to the carriers to produce a predefined phase relationship at a 
predelennhied time^ 

• providing modulation of the carrier signals by an information signal, 

10 • providing for transmission of ttie modulated, phased carrier signals into a cmnmunications 
channel to produce CIMA transmit signals havmg carri^-signal components, and 

• providing for recq)tion of the CIMA transmit signals from the channel wherein Ae carrier-signal 
components are combined in phase to produce at least one constructiv^interfmnce pulse that is 
indicative of the information signal. 

15 2. The method of communication recited in claim 1 wherein the carrier signals are incrementally spaced 
in frequency. 

3. The method of communication recited in claim 1 wherein the stq) of providing for the generation of a 
plurality of electromagnetic carrier signals includes the generation of a plurality of groups of canriers 
having identical sets of carrier frequencies, each group being assigned to one of a plurality of usears, 

20 and die stq> of providing a relative phase to the carriers inchides providing a unique relative phase to 
fhe carriers of each group vdierdn each group has a unique time ofi&et in order to generate pulses diat 
are recdved at differed time fatforals. 

4. The metlK>d of communication recited in claim 1 v^erem the stop of providing for the generation of a 
phirality of electromagnetic carrier signals mchides the generation of a plurality of groups of carriers, 

25 each group havmg a uni^e set of carrier frequencies and being assigned to at least one user, and the 
step of providing a rdative phase to tiie carriers inchides jmviding a relative phase to each gmq) 
such timt a plurality of usera recdves pulses fai die same time interval but each user uses different 
carrier frequencies. 

5. The method of communicatioff rwM ip <^lft"« l wherein Ae stq> of providing for die gmeration of a 
30 phirality of dectromagnetic carrier signab havmg a phuality of frequencies inchides the step d 

providiog variations to die carrier frequencies widi respect to time i^erem the frequency variations 
fiMT each carrier m a ffoap of carriera conresprading to each user are substantially identical, diereby 
causing little or no change to die envelq>e of the pulse. 

6. The mediod of communication recited in chum 1 herein the step of prodding modulation of die 
35 canrier signals comprises pulse aiqplitude modulation being applied to a phirality of die carriers, the 
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inilse ainplitude modulatioii having a dun^ 
interfermce pulse. 

7. Hie method of oommunicatkm recited in claim 1 wherein the step of providing modulation of the 
earner signab comprises pube amplitude modulation being appHed to a plu^ 

pulse amplitude modulation having a duration that is shorter than the period of the constructive, 
interference pulse. 

8. The method of communicatten recited ui claim 1 wherein the step of providing for the generation of a 
phnality of electromagnetic carrier signals inchides tapering the frequency.ver8US.8mpUtude window 
of the carrier signals to reduce time-domab side-lobe energy of the constructive-intcrference pulse. 

9. Ihe method of communication recited in chhn 1 wherein the step of providtag fior reception of the 
OMA transmit signals inchides fte step of providing a number of predetermined delays to eadi 
received carrier signal before combinmg to produce Ae conslructive-faterference pulse where the 
number of predetermined delays is equal to the number of different phase spaces in which flie 
received CIMA transmit signal is san4)led. 

; 10. The method of communicatbn recited in claim 1 wherein the step of providing modulation of the 

carrier signals by an faiformation signal is performed in a specific time interval relative to the phase of 
the carriers such that the rwuWng moduhrted cairiers occupy one or more nonzero-phase spa^ 

do not combme constructive^ m zero-phase space to produce a pulse. 

1 1 . The method of communlcatiott recited m claun 1 wherem the step of providmg for reception of the 
20 CIMA transmit signals inchides compensating for the relative phases of the carriers in at least one of 

tiie nonzero-phase spaces in «der to combine the carrier signals in phase. 

12. The method of communication recited in clafan 9 wherein multiuser interference is sampled in the 
different phase spaces and then weighted and combined with an Biten^ed ^ 

contributions of the muhi-user interference to the intended user signal 
25 13. The method of communication recited m claim 1 wherein the step of providing for the generation of a 
phirality of electromagnetic carrier signals is performed by a frequency-shifted feedback cavity. 

14. The method of communication recited hi claim 1 wherein &e step of providing for reception of the 
CIMA tiansmit signals is performed by a frequwicy-slMfted feedback cavity. 

15. The method of communication recited in claim 1 wherein the communications channel is a 
30 waveguide. 

16. The method of communication recited m claun 15 whereb the electromagnetic carrier signals are 
optical rignab and the wav^ide is an qitical fiber. 

17. The method of communication recited in claim 15 wherem the steps of providing for the generatten 
of a phirality of electromagnetic carrier signals and providing a relative phase to Ae carriers to 

35 pioduce a predefined phase relation^ are performed to nialch the relative phases betweoitiie 

oairiers to the chromatic dispersion profile of the carriers In the waveguide such that the dispersion 
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causes the carrier fdiases to have a predetermined phase relationship after propagating a 
predetennined distance in the waveguide. 

18. The method of communication recited in claim 1 wherein the step of providing for transmission of the 
modutoted, phased carrier signab includes transmitting the carriers fiwm a transmitter aro 

S each carrier for a particular user is transmitted from a separate transmitter element ofthe array and an 
array heam pattem is generated fiwrn the superposition of transmitted carriers from eac^ 
transmitter elonents. 

19. The method of communication recited hi chim 18 wfaerehi a separation between the transmitter 
elements is selected wifli respect to the carrier ftequency separation to control the shape of the array 

10 beam pattern and ti>e period in which the array beam pattern scans. 

20. The method of conmiunication recited in clahn 1 wherein the step of providmg a relative ph^ 
carriers results in a train of pulses in the time domain and the step of providing modulation of the 
carrier signals results in modulating each of the pulses wiA a direct sequence chip such tiiat tfie 
modulated train of pulses is a direet-sequoioe code. 

15 21 . The method of communication recited in claim 20 whereb the direct-sequence chip b the product of 
an information signal and a dap of a pseudo-random CDMA qireading code. 

22. The method of communication recited in claim 1 ^erdn Ae st^ of providing ft* reception of tiie 
CIMA transmit signals inchides multi-user detection in which user sigDals from an mtended user and 
at least one interfering user are received whwe the interfering user signals are wd^ited and combined 

20 witii the intended usa's signal to cancel the intofering usor signab to ti»e intoided user's signals. 

23. The mettiod of communication recited in claim 1 wherein ti»e step of providing a rebtive phase to the 
carriers to produce a predefined phase rdationship at a predetermined time results in at bast two 
received constructive>interfimice pttbes that overbp in time. 

24. The metiiod of communication recited in claim 1 vihaan the step of providing a rebtive phase to ti»e 
25 carriers to produce a predefined phase rdationship at a (nedetemuned time includes a decbion stq> 

that altows for at least two received constructive-mterference pulses to ovorbp in time when the 
number of users or duumel usage increases beyond a predetermined limit 

25. The mediod of ccMnmunication recited in claim 24 wherein the decbion stq> includes a step of 
idoitifying tiie users and assigning a priority to each user duit b used to determine vUch user s^ 

30 are be selected to overlap in time. 

26. The method of ctmununicatiim recited in daimlwfaerdn the carrier frequencies for each user are 
separated by an amount tiiat b equal to or greater than the coherence bandwidtii of die 
commnnication charmeL 

27. A carrkr-interftrence muhiple-acoess (CIMA) oommunicatimi syston for fHrovidmg cranmunication 
35 between at least one transmitter and one recdvercMnprisbg: 

• aCIMAtransmhtercnnpri^: 
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. amuWcarrtegwenrtwtogeneratiiigaphin^ 

at least one user whfw tbe earner signals are incrementally separated in frequency, 

- adetaycontroUertocauseapredefinedphaserelatkjnshipbet^ 

predetermined time, 

- acamermodubtortomodulalethecarriersignalswithaninform^ 

. an oiitput coupler fecoupUng the modutoted, phased carrier signab into a c«^^ 
dmnnel to produce CIMA transmit signab having carrier-signal co^ 
• aCIMAieceiverferec«vingtheCIMAtransmit8ignal8fromthechannel.pi^ 
predetermined detoy to each ofthe carrier signal components and combining the a 
components in phase to produce at least oneconstructive-inlerferencepul^ 

the infonnation signal 

28. TlieCIMAcommumcation8ystemcIaimedinClaim27^ereintheCIMAreceK^ 

least one predetermined time mterval to receive at least one puke in 2eroi»hase space. 

29 . n»e CIMA communication system claimed in Claim 27 herein the CIMA receiver samples a user 

i signal in a phiiality of phase spaces at differenttimes andcombines the samples in a signal estimator 

that estimates the infiirmation signal 

30. TT»CIMAcommunicationsystcmclaimedinClaim27 herein theCIMA^^ 

detector that samples one or more interfering us« signab that interfere with an intended usei^s signal 
weights the sampled interfering signab, and combines the sampled interfering signab with the 
0 intended user's signal to cancel multi-usCTintwferawe. 

31. The CIMA communication system cbimed in Ctoim 27 wherein the mutticarrier generator b a 

frequency-shifted feedback cavity. 

32. TheCIMAcommunication$y8temcbimedinCbim27wheretothecommuni^^ 

wav^iuida 

25 33. TlieCIMAcommunkartion?yst«mchimedinCtoim27whereintheoutp«tcouplerbanaTO^ 
tnuisoutten* 

34. The CIMA communication system cbimed hi Cbim 33 wherein each element of the array transmits a 
separate carrier signal for each user, thereby creating a time-dependent beam pattern for each user, 
and the muWcarrier gaiewtor controb tiie frequency separation of the carriers to 0^ 

30 of eadi beam pattern. 

35. Tlie CIMAcommunlcatlon system claimed in Cbim 27 wherein th^ 

separated in fiequen^. 

36. TlieCIMAcommunication5y8temcbhnedinChfan27whefeinoneormorefimcti^ 

of the transmitter and the receiver are performed by digital signal processing. 
35 37.Tl»CIMAcommumcation^y8temclaimedbCbim27whereintherecewerprovid^ 
adjustment to at bast one of the carrier signal components to compensate for flat feding. 



wo 99/41871 



PCT/US99/02838 



16 

38. The OMA communication system claimed in Claim 27 wherein the mutttcanier generator provides a 
tapered amplitude to tiie carriers to reduce sidekbes. 

39. The CINU communication system cbnned in Chum 27 ¥*erein the carrier mo^ 
nmpHhide modulation to tiie carrier rignals. 

40. The CIMA communication syOem claimed in Cbim 39 v4ierein the pube^mplitude modulation is 
applied in a predetermined time intervd relative to the phases of the canriers to produce one or mo^ 

CIMA transmit signab that occupy wie or more nonzero phase spaces and do not combine 
conslnictivefy in zero-phase qmce. 

41. The CIMA communication system claimed in Claim 40 wherein the communications channel is a 
wav^de and the frequent^ squucation and Uae relative phases of tiie carriers widiin a pulse- 
amplitude modulated envelope are selected to match the chromatic dispersion of the waveguide for 
causing a predetermtoed phase rdationshqp between the carriers to occur after iKopagating a 

predetermined distance in tfie wav^de. 

42. The CIMA communication system claimed in Claim 27 wherein the fiecdver is a ft^^ 

feedback cavity. 

43. The CIMA communicatiim system claimed hi Claun 27 vriierdn Ae muhicarrier generator provides a 
predetermined amplitude to each carrier signal to generate a tmh of pulses having a direct-sequence 
modubition. 
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